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Abstract: 
 
Phosphorene, a single atomic layer of black phosphorus, has recently emerged as a new two-
dimensional (2D) material that holds promise for electronic and photonic technology. Here 
we experimentally demonstrate that the electronic structure of few-layer phosphorene varies 
significantly with the number of layers, in good agreement with theoretical predictions. The 
interband optical transitions cover a wide, technologically important spectrum range from 
visible to mid-infrared. In addition, we observe strong photoluminescence in few-layer 
phosphorene at energies that match well with the absorption edge, indicating they are direct 
bandgap semiconductors. The strongly layer-dependent electronic structure of phosphorene, 
in combination with its high electrical mobility, gives it distinct advantages over other two-
dimensional materials in electronic and opto-electronic applications. 
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 Atomically thin 2D crystals have emerged as a new class of materials with unique material 
properties that are potentially important for electronic and photonic technologies1–10. Various 2D 
crystals have been uncovered, ranging from metallic (and superconducting) NbSe2 and 
semimetallic graphene to semiconducting MoS2 and insulating hexagonal boron nitride (hBN). 
The energy bandgap, a defining characteristic of an electronic material, varies correspondingly 
from 0 (in metals and graphene) to 5.8 eV (in hBN) in these 2D crystals. Despite the rich variety 
currently available, 2D materials with a bandgap in the range from 0.3 eV to 1.5 eV are notably 
missing11. Such a bandgap corresponds to a spectral range from mid-infrared to near-infrared that 
is important for optoelectronic technologies such as telecommunication and solar energy 
harvesting. It is therefore desirable to have 2D materials with a bandgap that falls in this range, 
and in particular, matches that of the technologically important silicon (bandgap = 1.1 eV) and III-
V semiconductors like InGaAs, without compromising sample mobility12.  
 Monolayer and few-layer phosphorene are predicted to bridge the much needed bandgap 
range from 0.3 to 2 eV (Refs. 13–17). Inside monolayer phosphorene, each phosphorus atom is 
covalently bonded with three adjacent phosphorus atoms to form a puckered honeycomb 
structure18. The three near sp3 bonds together with the lone-pair orbital take up all five valence 
electrons of phosphorus, so monolayer phosphorene is a semiconductor with a predicted direct 
optical bandgap of ~ 1.5 eV at the Γ point of the Brillouin zone. The bandgap in few-layer 
phosphorene can be strongly modified by interlayer interactions, which leads to a bandgap that 
decreases with phosphorene film thickness, eventually reaching 0.3 eV in the bulk limit. 
Experimental observations of layer-dependent band structure in phosphorene, on the other hand, 
have been rather limited. Previously, photoluminescence (PL) spectroscopy has been used to probe 
the bandgap of monolayer and few-layer phosphorene8,19–22. Such studies, however, have their 
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limitations in that PL can be dominated by defect and impurity states rather than the bandgap 
emission and that few-layer phosphorene is highly susceptible to degradation. Indeed, different 
studies have reported widely different bandgap values from 1.32 to 1.75 eV for monolayer 
phosphorene8,20–22. !
 Here we report the first study of optical absorption in high quality few-layer phosphorene 
on a sapphire substrate with an hBN capping layer of ~15 nm thickness. The optical absorption is 
insensitive to defects and impurities levels, which complicate PL measurements. The absorption 
spectroscopy therefore provides a reliable determination of the evolution of the optical bandgap in 
monolayer and few-layer phosphorene. We found the bandgap of monolayer, bilayer, and trilayer 
phosphorene (sandwiched between sapphire and hBN) to be 1.73, 1.15, and 0.83 eV, respectively, 
and bulk black phosphorus has a bandgap of 0.35 eV. Comparisons with PL of the same samples 
show that PL peaks are close to the absorption bandgap, confirming the direct nature of the 
bandgaps. Interestingly, the bandgap of bilayer and trilayer phosphorene matches well with that of 
silicon (1.1 eV) and telecom photon energy (0.8 eV), respectively. In addition, optical absorption 
above the bandgap reveals extra resonances in few-layer phosphorene corresponding to transitions 
between higher sub-bands arising from quantum confinement along the thickness directions. The 
systematic evolution of both the optical bandgap and absorption peaks arising from higher sub-
band transitions matches well with ab initio GW Bethe Salpeter equation (GW-BSE) calculations 
and can be captured by a simple, phenomenological tight-binding model. The layer-tunable 
electronic structure of phosphorene can be further varied through electrostatic field and mechanical 
strain23,24, opening up exciting possibilities for both electronic devices and optoelectronic 
applications from the infrared to visible spectral range. 
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 Monolayer and few-layer phosphorene samples are prepared by micromechanical 
exfoliation of bulk crystals. To avoid sample degradation in air, all samples are fabricated in an 
inert gas glove box with oxygen and moisture levels lower than 1 ppm. We first exfoliate 
phosphorene flakes onto silicon substrates with a 300 nm oxide layer and identify few layer 
samples using optical microscopy (Fig. 1b and c). Sample thickness was first estimated from the 
optical contrast under microscope, and also from the apparent height determined by atomic force 
microscopy (AFM; see supplementary information). We found that with each additional atomic 
layer, the optical contrast in the red channel of a color CCD camera increases by ~ 7 percent in 
few-layer phosphorene on SiO2/Si substrate (Fig. 1d). Accurate thickness determination for 
isolated phosphorene flakes is difficult using AFM due to the different tip-surface interaction on 
phosphorene and SiO2/Si wafer. However, the AFM height difference between two adjacent flakes 
of different thickness can yield useful information, since an average height increase of 0.5 nm is 
expected for one additional atomic layer (supplementary information). Such estimation of 
phosphorene layer number is further verified through optical spectroscopy results of the flakes, as 
we will describe later. To facilitate optical spectroscopy and avoid degradation, we transferred the 
phosphorene flakes to a sapphire substrate with a top hBN encapsulation using a dry transfer 
technique in the glove box25. The thickness of the hBN flake is around 15 nm. The fabricated 
samples were kept in high vacuum in an optical cryostat during spectroscopic studies. !
 We probed optical absorption of monolayer, bilayer, trilayer, tetralayer, and pentalayer 
phosphorene through reflectance measurements at 77 K. The reflection spectrum ΔR/R is directly 
related to the complex dielectric function of phosphorene (supplementary information). The 
imaginary part of the dielectric function is proportional to optical absorption and features 
prominent absorption peaks, while the real part of the dielectric function can lead to relatively 
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broad backgrounds. In this study, we will focus on the optical resonances, where the position of 
optical absorption peaks can be reliably identified as resonances in the reflection spectra. A 
combination of supercontinuum laser and tungsten lamp were used as the light source to cover the 
energy range from near-infrared to visible. The incident light was focused onto the phosphorene 
flakes in a microscopy setup, and the reflected light was collected and analyzed in a spectrometer 
equipped with both silicon and InGaAs arrayed detectors. The polarization of incident light was 
controlled using a broadband calcite polarizer. For comparison, we also measured the absorption 
spectrum of a thick phosphorene flake (~ 100 nm) using Fourier Transform Infrared Spectroscopy 
(FTIR) at room temperature, which yields the electronic structure of black phosphorus in the bulk 
limit.  
 Figure 2 shows the evolution of polarization-resolved reflection spectra from monolayer to 
pentalayer phosphorene in the 0.75-2.5 eV spectral range. For monolayer phosphorene, a 
prominent absorption peak is present at 1.73 eV for x-polarized incident light (Fig. 2a, black curve). 
We attribute the absorption peak at 1.73 eV to the lowest energy exciton arising from transitions 
at the direct bandgap of monolayer phosphorene because no optical absorption is observed for 
photon energies below the resonance. This assignment is confirmed by our ab initio calculations. 
In few-layer phosphorene, the optical bandgap decreases continuously with increased layer 
number: 1.15 eV for bilayer, 0.83 eV for trilayer, and below 0.75 eV (the lower detection limit of 
our spectral range) for tetralayer and pentalayer (Fig. 2b-e). In bulk black phosphorus, the bandgap 
reaches 0.35 eV (Fig. 2f). These absorption resonances provide a reliable and quantitative 
experimental determination of the layer-dependent lowest exciton transition energy or optical 
bandgap in phosphorene. 
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 All the observed optical absorption spectra exhibit strong anisotropy under x- and y-
polarized illumination (Fig. 2a-f, black vs. red curves). Such strong anisotropy arises from the 
unique crystal structure of phosphorene, where phosphorus atoms form a puckered honeycomb 
lattice with completely different behavior along the x (armchair) and y (zigzag) directions (see Fig. 
1a). In particular, phosphorene layers have a mirror symmetry with respect to the x-z plane. 
Electron wavefunctions at the conduction band minimum (CBM) and valence band maximum 
(VBM) of phosphorene, both at Γ, are composed of s, px and pz orbitals with even symmetry with 
respect to the x-z mirror plane. Consequently, optical absorption of y-polarized light, which has an 
odd symmetry with respect to the mirror plane, is strictly forbidden at the bandgap energy due to 
symmetry requirement. The broad background in reflection spectra is mainly due to contributions 
from the imaginary part of the optical conductivity, which shows a weaker polarization 
dependence.!
 Remarkably, prominent absorption peaks emerge above the optical bandgap in the 
absorption spectra of few-layer phosphorene. All the above-bandgap optical resonances also 
exhibit marked polarization anisotropy similar to that of the lowest energy peak, with the peak 
disappearing when light is polarized along y-axis. The high energy resonances also exhibit a 
systematic layer dependence: the energy of the first above-bandgap resonance (labeled as II) is at 
2.44 eV in bilayer, and then decreases to 1.93 eV, 1.52 eV, and 1.16 eV in trilayer, tetralayer, and 
pentalayer, respectively. The second above-bandgap transition (labeled as III) has a resonance 
energy of 2.31 eV and 1.94 eV in tetralayer and pentalayer, respectively. These above-bandgap 
resonances originate from strong layer-layer interactions in phosphorene17. In few-layer 
phosphorene, the quasiparticle states form quantum-well-like states quantized along the thickness 
direction. For N-layer phosphorene, there will be N quantized states that give rise to N 2D sub-
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bands from each of the conduction and valence bands of the bulk. In monolayer, bilayer, and 
trilayer phosphorus, our experimental data and ab initio results show that all the absorption peaks 
arise from transitions between distinct individual pair of electron and hole subbands, but this 
picture breaks down in tetralayer phosphorus, where transitions between different higher energy 
subbands begin to mix considerably.  A one-dimensional tight-binding model of the inter-layer 
interactions successfully describes the bandgap transition energies and higher-energy resonances, 
which we shall discuss later. 
In addition to the optical absorption, we examined PL of the monolayer and few-layer 
phosphorene at 77 K with unpolarized photoexcitation at 2.33 eV. We observed strong PL close 
to the absorption bandgap in monolayer, bilayer, and trilayer phosphorene protected with an hBN 
flake (Fig. 3a-c). It indicates that phosphorene of different layer thicknesses always has a direct 
bandgap, consistent with theoretical predictions. (The optical bandgap in phosphorene with 4 or 
more layers is outside the spectral range our detectors.) The PL in monolayer, bilayer, and trilayer 
show strong polarization dependence similar to that of the absorption spectrum. The PL intensity 
exhibits a !"#$% pattern (Fig. 3d-f) as the light polarization angle % varies, consistent with the fact 
that optical transitions polarized along the y-axis are forbidden by symmetry. We note that in all 
samples, the PL peaks are relatively broad and sometimes contain multiple resonant features, likely 
due to defect and impurity states that exist even for hBN encapsulated phosphorene samples26. The 
peaks are typically red shifted from the absorption edges by 20 to 40 meV. The red shift in PL 
could arise from phonon sidebands, photo-induced structural relaxation, and/or defect and impurity 
states close to the bandgap.  
 The systematic evolution of both the bandgap transitions and higher-energy resonances in 
few-layer phosphorene can be described phenomenologically by a one-dimensional tight-binding 
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model for the inter-layer interactions. For simplicity, we will neglect exciton effects (see 
discussion below) and consider only coupling between single-particle electronic states at the Γ 
point in the 2D Brillouin zone. The model is therefore described by only three parameters: the 
bandgap of an isolated monolayer Eg0 and the nearest-neighbor coupling between adjacent layers 
for the conduction bands ('()*and valence bands ('+). In an N-layer phosphorene, there are N 
quantum-well like subbands within both the conduction and valence band complexes, with the Γ-
point energy of each subband described by (supplementary information)!
,-,/0 = ±,342 − 2' 0 !"# 78 + 1; ******************************************** 1 !
where # = !, < stands for conduction and valence band complex, and n = 1…N is the sub-band 
index. Optical transitions are allowed only between conduction and valence bands of the same sub-
band indices n for in-plane light polarization (supplementary information), giving rise to optical 
resonances at ,-,/= = ,>4 − 2('(−'+) cos /-BC ; . Using only two fitting parameters ,34 =1.8*FG and '(−'+ = 0.73*FG, the simple tight binding model provides an empirical description 
of the systematic evolution of the full series of the optical resonances in monolayer and few-layer 
phosphorene observed in our experiment (Fig. 4a). Our data demonstrate unambiguously the 
strong layer-layer interactions on the electronic structure of phosphorene. The multiple layer-
dependent resonances also provide a reliable way to determine the layer number in phosphorene 
flakes, and confirm our preliminary assignment based on optical contrast and AFM measurements. !
 Results from the simple tight binding model are supported by more rigorous ab initio GW 
plus Bethe-Salpeter equation (GW-BSE) calculations, which explicitly include screening27,28 from 
the substrate and hBN capping layer as well as self energy29 and electron-hole interaction effects30 
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(see supplementary information for calculation details). Specifically, we find that additional 
screening due to hBN encapsulation has a much larger effect in phosphorene than in other 2D 
semiconductors, such as MoSe227,28, resulting in a small exciton binding energy of only 80 meV in 
monolayer phosphorene and even smaller binding energies in few-layer phosphorus31. 
Consequently, the optical resonances are quite close to the interband transition energies in 
encapsulated phosphorene, justifying our neglecting excitonic effects in the tight binding model. 
Figure 4b shows the calculated GW quasiparticle bandstructure of encapsulated monolayer, bilayer, 
trilayer, and tetralayer phosphorene. The calculated optical bandgap energies are 1.56, 0.93, 0.67, 
and 0.53 eV for monolayer, bilayer, trilayer, and tetralayer phosphorene, in good agreement with 
the experimental values. The ab initio results show that in one through three layer phosphorene, 
all low energy resonances do indeed arise from inter-subband transitions. In tetralayer and thicker 
layer phosphorene, however, hybridization between different subbands can lead to band crossings 
and mixing of higher sub-band transitions (above resonance II); in this case, our simple tight-
binding model breaks down.!
 In summary, our measurements, supported by ab initio GW-BSE calculations, demonstrate 
concretely the extraordinary layer-dependent electronic structure in phosphorene arising from 
layer-layer interactions. It not only leads to a direct optical bandgap evolving from 1.73 eV in 
monolayer, 1.15 eV in bilayer, and 0.83 eV in trilayer to ultimately 0.35 eV in the bulk, but also a 
rich set of sub-bands in few-layer phosphorene that are characterized by strong above-bandgap 
optical resonances. Together with a high intrinsic electron mobility and the capability to fine-tune 
the bandgap with mechanical strain and/or electrical field, monolayer and few-layer phosphorene 
could lead to novel atomically thin electronic and optoelectronic devices over a broad spectral 
range.!
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Figure captions: 
Figure 1 | Few-layer phosphorene samples. a, Puckered honeycomb lattice of monolayer 
phosphorene. x and y denote the armchair and zigzag crystal orientation, respectively. b and c, 
Optical image of few-layer phosphorene samples. Images were recorded with a CCD camera 
attached to an optical microscope. Number of layers (indicated in the figure) is determined by the 
optical contrast in the red channel of the CCD image. d, Optical contrast profile in the red channel 
of the CCD images along the line cuts marked in b and c. Each additional layer increases the 
contrast by ~ 7%, up to tetralayer. 
 
Figure 2 | Layer-dependent reflection spectra. a-e, Reflection spectra of  monolayer a, bilayer 
b, trilayer c, tetralayer d and pentalayer e phosphorene. Data were obtained at 77 K. Spectra taken 
under x- and y-polarized illumination are shown in black and red, respectively. Bandgap of 
monolayer (1.73 eV), bilayer (1.15 eV), and trilayer (0.83 eV) are determined from the energy of 
the lowest energy peaks (peak I in black curves). Bandgap transitions of tetralayer and pentalayer 
are below 0.75 eV and are outside our measurement range. Few-layer phosphorene shows 
additional peaks (peak II and III in black curves) originating from sub-band transitions. No peak 
is observed in the reflection spectra for y-polarized light. f, Reflection spectra of bulk black 
phosphorus at room temperature. 
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Figure 3 | Layer-dependent PL spectra. a-c, Photoluminescence spectra of monolayer a, bilayer 
b, and trilayer c phosphorene recorded at 77 K with unpolarized photoexcitation at 2.33 eV. Strong 
peaks are observed for PL detection in x-polarization (black). The peak energy matches well with 
that in absorption spectra (blue dashed curves), confirming the direct nature of the bandgaps. PL 
is absent when detected in y-polarization (red curves). d-f, Intensity of the PL at peak energy as a 
function of polarization angle %. Data taken on monolayer, bilayer and trilayer phosphorene are 
shown red circles in d, e and f, respectively. All angular dependences show a nearly perfect !"#$% 
pattern (black solid curves), consistent with the fact that optical transitions along y direction are 
forbidden by symmetry. 
 
Fig. 4 | Evolution of optical resonance energy and band structure. a, Observed optical 
resonance energy (solid squares) compared to prediction (solid curves) by the phenomenological 
one-dimensional tight-binding model. Empty squares are inter-band optical transitions predicted 
by the tight-binding model that fall outside of our measurement range. The lower and upper limit 
of our measurement range is marked by horizontal dashed lines. b, Calculated GW quasiparticle 
band structure of monolayer (1L), bilayer (2L), trilayer (3L) and tetralayer (4L) phosphorene. Few-
layer phosphorene is encapsulated between a sapphire substrate and a hBN capping layer in the 
calculation. As the number of phosphorene layers increases, the direct band gap at Γ decreases, 
and additional high energy sub-bands (marked by I, II and III) emerge.!
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